Introduction {#S0001}
============

Ischemia/reperfusion (I/R) is considered to be the main cause of cellular damage of various organs. The process occurs, among others, during a procedure of liver transplantation that has become a method of choice in the end-stage diseases of that organ \[[@CIT0001]\]. Before implantation, liver damage occurs at two stages. Initially the injury is caused by ischemia. Further damage is caused by reperfusion of the organ. Pathogenesis of those lesions is very complex. Ischemia/reperfusion injury involves an early acute phase (3--6 h post reperfusion), involving generation of free radicals and nitric oxide, and activation of T-cells and Kupffer cells. That is followed by a subacute phase (18--24 h post reperfusion) characterized by neutrophil infiltration leading to continuous oxidant, cytokine, and chemokine production \[[@CIT0002], [@CIT0003]\].

During I/R-evoked oxidative stress, generation of reactive oxygen species (ROS) may exceed the capacity of endogenous redox degrading systems \[[@CIT0002]\]. Malondialdehyde (MDA) is widely used as an indicator of oxidative damage. Non-enzymatic (e.g. glutathione (GSH)) and enzymatic (e.g. superoxide dismutase (SOD), and glutathione peroxidase (GPx)) antioxidants are involved in minimization of damaging effects of ROS on the liver \[[@CIT0002], [@CIT0004], [@CIT0005]\]. Superoxide dismutase converts superoxide radicals to hydrogen peroxide (H~2~O~2~) and oxygen \[[@CIT0002]\]. Subsequently H~2~O~2~ becomes reduced by a selenium-containing enzyme -- GPx -- to water \[[@CIT0006]\].

If the extent of damage in the liver preserved for transplantation largely depends on oxidative stress in liver cells, the view that drugs of antioxidant activity should be hepatoprotective seems justified. Ezetimibe belongs to a new class of 2-azetidinones -- selective inhibitors of cholesterol absorption at the brush border of the intestine \[[@CIT0007]\]. The drug interacts with the sterol transporter Niemann-Pick C1-like protein (NPC1L1) \[[@CIT0008]\]. The drug has been recently used in many potential liver donors.

Liver transplantation has presently become a procedure of choice in treatment of chronic and acute liver failure. In the USA over 3000 liver transplantations are performed annually \[[@CIT0009]\]. Hyperlipidemia is a common metabolic disorder in the world population. It is estimated that in the UK two thirds of the population present an increased total cholesterol level \[[@CIT0010]\], and only about 10% reaches the therapeutic goal for LDL level \[[@CIT0011]\]. That requires treatment with high doses of statins in monotherapy or combined therapy with ezetimibe. A meta-analysis of 14 clinical trials revealed higher efficacy of combined therapy with simvastatin and ezetimibe compared to monotherapy with rosuvastatin \[[@CIT0012]\]. Ezetimibe is characterized by good tolerance and low incidence of adverse effects \[[@CIT0013]\]. The drug has become an increasingly popular therapeutic option for statin-resistant patients, as well as for statin-intolerant patients \[[@CIT0014], [@CIT0015]\]. The choice of ezetimibe for our experiment was also based on data from experimental \[[@CIT0016], [@CIT0017]\] and clinical studies \[[@CIT0018], [@CIT0019]\] suggesting antioxidant properties of this agent.

Contrary to statins, pleiotropic effects of ezetimibe are still not well known and results of some works are contradictory \[[@CIT0020]--[@CIT0022]\]. Some properties of selected substances may appear only in stressful conditions such as I/R. The aim of this study was to evaluate antioxidative and hepatoprotective properties of ezetimibe that could be observed in rat liver subjected to I/R.

Material and methods {#S0002}
====================

Animals {#S20003}
-------

Wistar male rats obtained from the Animal Laboratory of the Department of Pathological Anatomy, Medical University of Wroclaw, were used for experiments. Animals were housed individually in chambers with a 12: 12 h light-dark cycle, temperature maintained at 21--23°C. Before the experiment animals had free access to standard food and water. The experiment was approved by the 1^st^ Local Ethics Commission for Experiments on Animals in Wroclaw.

Experimental protocol {#S20004}
---------------------

After adaptation, rats were randomly divided into four groups. Rats in groups C (*n* = 8) and E (*n* = 8) were not exposed to I/R conditions. Rats in groups C-I/R (*n* = 9) and E-I/R (*n* = 8) were exposed to 60 min of warm ischemia followed by 4 h of reperfusion. Rats in groups E and E-I/R were treated with intragastric ezetimibe, once daily for 21 days. Based on available literature data concerning efficacy of ezetimibe, the dose of 5 mg/kg b.w. was chosen for this experiment \[[@CIT0023]--[@CIT0026]\]. After 3 weeks of drug administration, blood samples (0.8 ml) were collected from the tail vein to determine initial activities of alanine and asparagine aminotransferase (ALT0, AST0). Subsequently, rats were anesthetized with intramuscular injection of ketamine (7 mg/kg) and medetomidine (0.1 mg/kg), and midline laparotomy was performed. In groups C-I/R and E-I/R 70% of liver ischemia (left lateral and median lobes) was achieved by occlusion of branches of the portal vein and of hepatic artery using a microvascular clip. Heparin (200 U/kg) was administered to rats to prevent blood coagulation. After 60 min of ischemia, the clip was removed to allow reperfusion for 4 h. The abdomen was subsequently closed and rats were observed during reperfusion. At 15 and 240 min of reperfusion blood samples (0.5 ml) were obtained from the tail vein, to determine aminotransferase activity (ALT15, ALT240 and AST15, AST240).

In groups E and C animals were anesthetized in the same way as in ischemic groups. Following midline laparotomy branches of the portal vein and hepatic artery were isolated but not occluded. After 60 min the abdomen was closed and rats were observed for 4 h. Blood samples were obtained at the same time points as in the case of ischemic groups. After 4 h the left lateral and median lobes of livers were isolated to be compared with the same lobes obtained from ischemic livers.

Upon completion of the reperfusion, livers were isolated, weighed and homogenized on ice with lysis buffer (140 mM NaCl, 10 mM EDTA, 10% glycerol, 1% NP40, 20 mM Tris base, pH 7.5). Homogenized tissue was subsequently centrifuged at 14000 rpm for 25 min at 4°C and supernatants were collected \[[@CIT0027]\].

Oxidative stress parameters and biochemical analyses {#S20005}
----------------------------------------------------

The MDA, SOD, GPx and GSH were estimated in liver homogenates using colorimetric methods (spectrophotometer MARCEL S350 PRO). The GPx and SOD activities were assayed using the RANSEL and RANSOD kit, respectively (Randox Laboratories, Crumlin, UK). MDA and GSH concentrations were determined with the BIOXYTECH-MDA-586 and BIOXYTECH GSH-400 kit, respectively (OxisResearch, USA), according to the manufacturer\'s instructions.

Serum activities of ALT and AST and protein concentration in homogenates were assayed using a commercial enzymatic method in a certified laboratory. The SOD and GPx activities were expressed per milligram of protein. Activities of ALT and AST were expressed per gram of liver.

Substances {#S20006}
----------

Ezetimibe (Ezetrol -- tabl. 10 mg; MSD, UK), heparin (Heparinum WZF -- amp. 25 000 U/5 ml, Polfa Warszawa, Poland), ketamine hydrochloride (Bioketan, Vetoquinol Biowet, Poland), medetomidine hydrochloride (Domitor, amp. 1 mg/ml, Orion Pharma, Finland), 0.9% sodium chloride solution (Polpharma S.A., Poland), and Ringer solution (Polfa Lublin S.A., Poland) were used in these studies.

Statistical analysis {#S20007}
--------------------

Data were expressed as mean values ± SD. Statistical analysis of the drug and I/R effect on levels of oxidative stress parameters were performed using two-way analysis of variance (ANOVA). Statistical analysis of the effect of the drug and the time of reperfusion on ALT and AST levels was performed using MANOVA with repetitions. Contrast analysis was used for specific comparisons. Hypotheses were considered positively verified if *p* \< 0.05.

Results {#S0008}
=======

The GSH levels were comparable in both non-treated groups (C-I/R vs. C, *p* = NS). In ezetimibe-treated groups values of GSH were greater compared to non-treated groups, and in groups subjected to I/R the difference was significant (E-I/R vs. C-I/R, *p* \< 0.05) ([Figure 1A](#F0001){ref-type="fig"}).

![Influence of I/R and ezetimibe treatment on GSH (**A**), GPx (**B**), SOD (**C**), and MDA (**D**) levels. Values are presented as mean ± SD. Group C -- not treated and not subjected to I/R; group C-I/R -- not treated and subjected to I/R; group E -- ezetimibe-treated and not subjected to I/R; group E -- ezetimibe-treated and subjected to I/R\
\*p \< 0.05 (E-I/R vs. C-I/R), \*p \< 0.005 (C-I/R vs. C), \*\*\*p = 0.076 (E-I/R vs. E)](AMS-10-21493-g001){#F0001}

The GPx activity was greater in non-I/R-exposed livers. Differences were significant in non-treated animals (C-I/R vs. C, *p* \< 0.005). In ezetimibe-treated animals the GPx decrease caused by I/R was of borderline significance (E-I/R vs. E, *p* = 0.076) ([Figure 1B](#F0001){ref-type="fig"}).

The SOD activity and MDA level were similar in all groups of animals regardless of drug and I/R exposure. I/R produced only an insignificant decrease in SOD activity (*p* = NS in both comparisons) ([Figures 1C](#F0001){ref-type="fig"}, [1D](#F0001){ref-type="fig"}).

After 3 weeks of administration ezetimibe did not alter ALT or AST activities and no significant differences between non-treated and ezetimibe-treated groups were found (C vs. E, *p* = NS) ([Figures 2A](#F0002){ref-type="fig"} and [2B](#F0002){ref-type="fig"}).

![Effect of I/R and ezetimibe treatment on ALT (**A**) and AST (**B**) activities. Values are presented as mean ± SD. Group C -- not treated and not subjected to I/R; group C-I/R -- not treated and subjected to I/R; group E -- ezetimibetreated and not subjected to I/R; group E -- ezetimibe-treated and subjected to I/R\
\*p \< 0.05 (C-I/R vs. C), \*\*p \< 0.05 (E-I/R vs. E)](AMS-10-21493-g002){#F0002}

The study showed a significant influence of liver I/R on AST and ALT activities. At 15 min and 240 min of reperfusion I/R produced a significant increase in ALT activity in ezetimibe-treated and non-treated groups (C-I/R vs. C and E-I/R vs. E, *p* \< 0.05 at both points of time in both cases) ([Figure 2A](#F0002){ref-type="fig"}). In the case of AST activity the rise of the value was not so pronounced. I/R caused a significant increase in AST level only in the drug-treated group (E-I/R vs. E, *p* \< 0.05 in 15 and 240 min) ([Figure 2B](#F0002){ref-type="fig"}). The increase in ALT activity between 0 and 240 min of reperfusion was significantly higher in I/R-subject groups compared to the groups not exposed to I/R (C-I/R vs. C and E-I/R vs. E, *p* \< 0.05 in both cases) ([Figure 1A](#F0001){ref-type="fig"}). In the case of AST, a significant difference was found only between both drug-treated groups (E-I/R vs. E, *p* \< 0.05) ([Figure 2B](#F0002){ref-type="fig"}).

Under I/R conditions in ezetimibe-treated groups the level of aminotransferases was lower compared to non-treated groups, but the difference between C-I/R and E-I/R was not significant (*p* = NS). No significant increase of either liver enzyme was also observed between 0 and 240 min of reperfusion (E-I/R vs. C-I/R, *p* = NS in the case of both enzymes) ([Figures 2A](#F0002){ref-type="fig"} and [2B](#F0002){ref-type="fig"}).

Discussion {#S0009}
==========

In our study we have demonstrated that: (1) the effect of long-term administered ezetimibe on oxido-redox status was present in I/R-subjected groups -- the GSH level was significantly higher in the ezetimibe-treated group compared to the non-treated group; (2) the influence of ezetimibe on GPx activity was not so evident as on GSH level and was present in the form of a less pronounced decrease under I/R conditions; (3) no hepatotoxic effect of ezetimibe was found -- on the contrary, even a slightly positive effect on liver function in groups subjected to I/R was demonstrated.

In many papers, conditions including dyslipidemia, obesity, and diabetes mellitus are used as examples of aggravated oxidative stress. Pleiotropic activity of some drugs is examined in those conditions \[[@CIT0028], [@CIT0029]\]. During a transplantation procedure oxidative stress associated with I/R injury is also observed \[[@CIT0030], [@CIT0031]\]. In our study, as in many other reports \[[@CIT0032], [@CIT0033]\], decreased activity of GPx indicated that this is a very sensitive enzyme. Other examined antioxidants (SOD, GSH) were not affected by I/R in our experiment. In various reports, however, SOD activity also remained unaffected, suggesting that the enzyme is a less sensitive predictor of oxidative stress \[[@CIT0034], [@CIT0035]\]. The level of MDA -- one of the most popular indicators of oxidative stress \[[@CIT0031], [@CIT0036]\] -- was also unchanged in I/R groups. That could be a result of too short time of ischemia or reperfusion. In those conditions liver injuries were not sufficiently pronounced. Probably, MDA or SOD and GSH levels should also be measured after 24--48 h, during the second phase of reperfusion. Another possibility to evoke more pronounced oxidative stress is to create in the experiment a group of rats with hyperlipidemia evoked by e.g. high cholesterol diet.

Antioxidative properties of many substances have been studied in various models of I/R. A large body of evidence concerns statins \[[@CIT0037], [@CIT0038]\]. Administration of rosuvastatin before spinal cord ischemia caused an increase in SOD and GPx activities along with a decrease of MDA level that was accompanied by decreased spinal cord necrosis \[[@CIT0039]\]. Decreased MDA and free radical levels were also observed in an intestine I/R model, with a beneficial effect of L-arginine on those changes as well as on increased leukocyte adherence in ischemic tissues \[[@CIT0040]\]. Combination of L-arginine with a well-known antioxidant -- α-tocopherol -- markedly decreased the MDA level and severity of acute tubular necrosis in a rat model of kidney I/R \[[@CIT0041]\]. Pleiotropic properties of ezetimibe have been reported by other authors, but they still remain not well documented \[[@CIT0020]--[@CIT0022]\]. Effects of ezetimibe including reduction of ADMA level, increase in eNOS mRNA expression and reduction in liver lipids were demonstrated \[[@CIT0042]\]. The drug also decreased platelet aggregation in patients with hyperlipidemia \[[@CIT0043]\], along with weight loss, lowered plasma hs-CRP and IL-6 levels, and TNF-α concentration in obese and diabetic patients \[[@CIT0044]\], and with atorvastatin improved endothelium-dependent vasodilatation and blood flow \[[@CIT0020]\]. Ezetimibe as a therapy "complementary" to statins remarkably reduced a circulating oxidative stress marker -- derivatives of reactive oxidative metabolites (dROMs) -- in patients with hypercholesterolemia, probably by decreasing the tendency to peroxidation of LDL and reducing circulating ox-LDL level \[[@CIT0045]\]. Ezetimibe alone also reduced dROMs levels, but only in patients with "high oxidative stress" at baseline \[[@CIT0046]\]. In patients with non-diabetic chronic kidney disease (CKD) ezetimibe enhanced proteinuria-lowering effects of pitavastatin \[[@CIT0047]\]. That drug decreased the level of 8-hydroxydeoxyguanosine -- a marker of oxidative stress -- so its nephroprotective activity may be associated with its antioxidative properties \[[@CIT0048]\]. Monotherapy with ezetimibe decreased MDA-LDL and total LDL levels in patients with hyperlipidemia and chronic heart disease, ameliorating vascular function by decreasing oxidative stress. Based on this clinical study ezetimibe seems to be a promising agent not only as a second-choice lipid-lowering drug, but also -- considering its pleiotropic effects on blood vessels -- as a main agent for that group of patients \[[@CIT0018]\]. But in other reports ezetimibe exerted a rather minor effect on atherogenic dyslipidemia. Addition of ezetimibe to simvastatin in patients with heterozygous familial hypercholesterolemia did not cause a change in mean thickness of carotid intima-media \[[@CIT0049]\]. Ezetimibe-associated improvement of antioxidant state in the liver under I/R conditions observed in our experiment may suggest higher transplant survival due to e.g. potential improvement of vasculature function. However, it must be emphasized that some beneficial changes in oxido-redox parameters observed in experimental studies on animals are not compatible with clinical observations in humans.

In our experiment, ezetimibe administered for an extended period of time to rats not subjected to I/R did not change oxidative stress parameters in the liver. In livers subjected to I/R the influence of ezetimibe was reflected by an increase of GSH level. Another parameter that could suggest a positive impact of ezetimibe on oxidative stress is GPx, because in I/R conditions the decrease of activity of that enzyme is not equally pronounced compared to the non-treated group. Those observations may suggest better protection by GSH and GPx in those livers and improved antioxidant defense. But for better understanding of antioxidative properties of ezetimibe in those conditions future studies are required. A lot of studies on ezetimibe action have been carried out on animals or patients with oxidative stress evoked by dyslipidemia \[[@CIT0018], [@CIT0042], [@CIT0043], [@CIT0045], [@CIT0049]\]. As we know, many people, including potential liver donors, suffer from hyperlipidemia and liver steatosis; therefore the results of an experiment with oxidative stress resulting from I/R along with hyperlipidemia could also be very interesting and may have clinical meaning. There is high probability that oxido-redox disorders will be more pronounced because the pathogenesis of this state will result from two simultaneous causes. Similarly, the effect of ezetimibe will be related not only to potential pleiotropic properties, but also to its hypolipemic action. Regardless of I/R, reduction of the lipid concentration will improve oxido-redox status.

Short-term administration to rodents of such compounds as dihydrolipoyl histidinate zinc complex \[[@CIT0050]\], vitamin E succinate \[[@CIT0051]\], N-acetyl-cysteine \[[@CIT0052]\] or (--)-epigallocatechin gallate \[[@CIT0053]\] revealed their protective or antioxidant effects on liver subjected to ischemia and reperfusion. Therefore an experiment designed in a way that a single dose of a drug is administered just before the I/R procedure would be a valuable supplementation of the studies on ezetimibe-evoked pleiotropic effects.

It is known that liver decays during the time of ischemia and reperfusion. Aminotransferases are hepatocellular enzymes the activity of which increases during hepatocyte damage such as observed in I/R \[[@CIT0030], [@CIT0031]\]. As expected, in our experiment we observed the most pronounced liver injury in groups exposed to I/R. Differences in enzymatic activities between I/R-exposed and non-I/R-exposed livers appeared at time points 15 and 240 min of reperfusion.

The effect of ezetimibe treatment on liver injury is another interesting problem. The safety profile of the drug evaluated in many studies is satisfactory and the risk of liver damage is not increased -- only a slight increase in activity of aminotransferases was observed \[[@CIT0037], [@CIT0054]\]. Of note, a few cases of serious liver damage -- cholestatic and acute immune hepatitis -- have been reported \[[@CIT0055], [@CIT0056]\]. Ezetimibe-induced liver damage could be a result of expression of NPC1L1 on human liver cells \[[@CIT0055]\], or synthesis of auto-antibodies directed against ezetimibe-metabolizing enzymes \[[@CIT0057]\]. On the other hand, several recent studies have shown that this drug attenuated liver steatosis in experimental nonalcoholic fatty liver disease and could be a useful agent in treatment of that disorder \[[@CIT0058], [@CIT0059]\]. The drug could also be effective in treatment of hypercholesterolemia in liver recipients \[[@CIT0060], [@CIT0061]\].

Effects of a long-term administered drug on the liver may not be revealed until the I/R condition develops, e.g. during liver transplantation. Initially unaltered activity of liver enzymes may change, indicating worsening or improvement of liver function. Based on our results we believe that treatment of liver donors with ezetimibe does not impair liver function. Even more, in our experiment a slight beneficial effect of ezetimibe on ALT and AST activities was observed. After 4 h of reperfusion aminotransferase levels in non-treated groups were higher than in drug-treated groups but the difference was not significant. Usefulness of ezetimibe in nonalcoholic fatty liver disease \[[@CIT0058], [@CIT0059]\] and hyperlipidemia after liver transplantation \[[@CIT0060], [@CIT0061]\] as well a slight beneficial effect on aminotransferase activities in our experiment indicated that potential results of an experiment with a rat group with diet-evoked hyperlipidemia may be extremely interesting. Protective action of ezetimibe would be related not only to potential antioxidative properties, but also to the main drug action reducing LDL and total cholesterol.

In conclusion, ezetimibe did not cause any noticeable protective changes in rat livers not subjected to I/R, because all parameters of oxidative stress and aminotransferase activities were comparable in both non-treated and drug-treated groups. However, results obtained under I/R conditions suggest that ezetimibe could have protective properties in liver under I/R, but those findings should be confirmed in subsequent studies. In our report the observed beneficial antioxidative effect of ezetimibe was based on changes of concentration of GSH and, to a lower extent, on activity of GPx. No hepatotoxic features of this drug were noted. On the contrary, even a slight protective effect on liver function under I/R may be suggested.
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